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Abstract

To aid in the prioritization of deubiquitinases (DUBs) as anticancer targets, we developed an 

approach combining activity-based protein profiling (ABPP) with mass spectrometry in both 

non-small cell lung cancer (NSCLC) tumor tissues and cell lines along with analysis of available 

RNA interference and CRISPR screens. We identified 67 DUBs in NSCLC tissues, 17 of which 

were overexpressed in adenocarcinoma or squamous cell histologies and 12 of which scored as 

affecting lung cancer cell viability in RNAi or CRISPR screens. We used the CSN5 inhibitor, 

which targets COPS5/CSN5, as a tool to understand the biological significance of one of these 12 

DUBs, COPS6, in lung cancer. Our study provides a powerful resource to interrogate the role of 

DUB signaling biology and nominates druggable targets for the treatment of lung cancer subtypes.

Graphical Abstract

INTRODUCTION

The ubiquitin (Ub) post-translational modification plays a critical role in the control 

of numerous cellular processes and is frequently implicated in various human diseases. 

Deubiquitinases (DUBs) that remove ubiquitin (Ub) from the modified substrates have 

been implicated in regulating transcription factors, cell cycle checkpoints, DNA damage 

repair, chromatin remodeling, and kinase signaling.1,2 The human genome encodes ~100 

DUBs and controls a number of key cancer pathways including RAS signaling, the 

epithelial−mesenchymal transition (EMT), deregulation of p53 activity, NF-κB signaling, 

and interferon receptor signaling.3−6 There is growing interest in developing potential DUB 
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inhibitors (DUBi) to attack vulnerabilities in Ub biology as novel therapeutics, based on the 

biological roles enumerated above and aberrant DUB expression in a number of cancers.7,8

A key prerequisite to accelerate the drug discovery and understanding of Ub biology in 

cancer can be facilitated by evaluating key Ub-regulating enzymes as drug targets in the 

context of cancer subtypes. While numerous atlases using DNA or mRNA sequencing 

have been reported, these can be limited given the absence of functional activity or 

clear knowledge of genetic mutation on protein function. We hypothesized that an activity-

based landscape of DUBs would accelerate efforts toward targeting DUBs. To this end, 

we employed activity-based protein profiling (ABPP) using a DUB substrate mimic as 

an activity-based probe (ABP) to screen for DUB enzymes and provide a snapshot of 

the active enzymes within a tumor sample. Previously described, HA-tagged DUB-ABPs 

are comprised of full length Ub that has the C-terminal glycine replaced with a cysteine-

reactive electrophilic group that covalently modifies the DUB after binding.9 Different HA-

tagged ubiquitin probes such as HA-UbVME, HA-UbC2Br, and HA-UbPA show marginally 

different reactivity profiles for DUBs.9,10 In order to maximize DUB labeling, we compared 

probe-captured fractions from labeling using individual probes from commercial source 

and in-house (Moffitt) synthesized batches, as well as different ratios of two HA-tagged 

probes;: HA-UbVME and HA-UbPA in NSCLC cell lysates. Both Western blot and mass 

spectrometry data indicate broader ranges of DUBs were captured by using a 1:1 ratio 

of the in-house synthesized HA-UbVME and HA-UbPA probes. Hence, we employed a 

combination of HA-UbVME and HA-UbPA (1:1) probes to evaluate DUBs using ABPP in 

NSCLC tumors.

RESULTS AND DISCUSSION

Differential Expression of DUBs in Lung Tumors.

We engaged active DUB site-directed activity-based probes9,10 to capture DUB-ABP protein 

complexes from tumor samples (Figure 1a). We designed a cohort of 90 surgically resected 

lung cancer tumor tissues along with 30 unmatched normal tumor-adjacent (NTA) lung 

tissues. We selected 60 adenocarcinomas, 30 with oncogenic KRAS mutations, given the 

high unmet medical need to address this class,11 and 30 KRAS wild type while 30 consisted 

of squamous cell carcinoma, representing the two major histological subtypes of NSCLC. 

Equal distributions for gender, smoking status, and pathological stages were considered 

for determining the cohort of tumor samples (Supplementary Table 1). We optimized the 

recovery of the DUB proteins in lysates from lung cancer cell lines using in house generated 

DUB-ABP in 1 mg of homogenized tumor proteome (Supplementary Figure 1). In our 

hands, probe-enriched samples show that the combination of HA-UbVME and HA-UbPA 

probes (1:1) provides broader coverage of DUBs in protein lysate (Figure 1b). Proteins 

were subjected to in-gel digestion and quantified using liquid chromatography−tandem mass 

spectrometry (LC-MS/MS). We first assessed all identified proteins and observed a clear 

division in principal component analysis (PCA) within NTA and tumor samples (Figure 1c).

Additional statistical analysis is described in the Supporting Information (Supplementary 

Figure 2). We identified a total of 67 DUBs from all 6 DUB families (Supplementary Table 

2) and removed 14 DUBS from further analysis due to the rarity of their detection in the 
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data set (Supplementary Figure 3). The remaining 53 DUBs were analyzed to evaluate 

differentially expressed DUBs (|log2 ratio| ≥ 1 and a Benjamini−Hochberg adjusted p-value 

≤ 0.25 for two subtypes) in different subtypes of NSCLC. We identified 9 differentially 

expressed DUBs (UCHL1, UBP2L, USP13, USP7, USP10, USP24, USP28, BRCC3, and 

YOD1) in adenocarcinoma, and 14 differentially expressed DUBs (USP10, USP7, USP28, 

UCHL1, USP11, UBP2L, EIF3H, PSMD7, COPS6, USP8, PSMD14, BAP1, OTUD5, and 

YOD1) in squamous cell carcinoma compared to NTA (Figure 1d, Supplementary Table 

3). Among these UCHL1, UBP2L, USP10, USP28, and USP7 were upregulated while 

YOD1 was downregulated in both adenocarcinoma and squamous cell carcinoma compared 

to NTA. We performed the Western blots for a subset of DUBs including USP10 and 

USP7 on the lysates derived from the leftover tissue samples used in the DUB-ABPP to 

look at the expression in tissues. The Western blots confirmed the differential expression 

for USP10 and USP7 and matched with the DUB-ABPP data showing higher expression 

in both lung adenocarcinoma and squamous tissue samples (Supplementary Figure 4a). 

We also examined the dose dependent effect on the cell viability in 12 NSCLC cell 

lines for inhibition of two upregulated DUBs identified through DUB-ABPP in tumor 

samples. Highly selective and potent DUB inhibitor targeting USP10 (spautin-1) resulted 

in significant loss of cell viability in 4 NSCLC cell lines tested while USP28 inhibitor 

(AZ-1) significantly decreased the cell viability of all 12 cell lines tested (Supplemetary 

Figure 4c). Although USP7 was also significantly upregulated, USP-7 inhibition did not 

affect the cell viability. This may be due to the lower potency of the available USP7 

inhibitor (data not shown). Both DUBs, USP10 and USP28, are highly active in both 

lung adenocarcinoma and squamous carcinoma in DUB-ABPP data as compared to NTA 

and can be exploited to understand the previously unknown roles of these DUBs in lung 

cancer.12,13 Further, we assessed the absence of 14 DUBs not consistently detected across 

the cohort. OTUD1 was enriched in squamous (present in 67% of samples) compared to the 

tumor-adjacent (present in 17% of samples) by a Fisher’s exact test (p = 1.81 × 10−4, OR 

= 9.55 (Supplementary Figure 3). We identified differentially detected DUBs in different 

NSCLC histologies compared to NTA, but no DUBs were differentially expressed between 

KRAS mutant and KRAS wild type adenocarcinomas.

Analysis of DUB Interacting Proteins (DIPs).

As the affinity purification in this study involves nondenaturing conditions for the 

enrichment of ABP-labeled DUBs, proteins with noncovalent interactions with the ABP-

labeled DUB proteins (DIPs) were also captured. We hypothesized that DIPs can 

provide insights into specific DUB related pathways that may differ across lung cancer 

subtypes. An earlier study has categorized high-confidence candidate interacting proteins 

of DUBs including components of large macromolecular regulatory complexes, such 

as the proteasome, COP9 signalosome, spliceosome, EIF3 complex, and transcriptional 

complexes.14 This study has reported substantial interconnectivity among DIPs. To 

understand the role of DUBs and DIPs in lung cancer subtypes, we next analyzed the 

DIPs associated with differentially expressed DUBs in particular subtypes of NSCLC using 

BioGRID.15 In the tumor-ABPP data, we identified DUBs that interact with the above-

mentioned regulatory complexes such as USP4, USP15, USP39 (spliceosome), PSMD7, 

PSMD14 (proteasome), EIF3H, EIF3F (EIF3 complex), and COPS5, COPS6 (COP9 
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signalosome) and observed a significant enrichment of members of these protein complexes 

in samples enriched by DUB-ABP capture (Figure 2a). This result is consistent with the 

enrichment of DIPs along with DUBs in DUB-ABP pulldown samples with reproducible 

interactor proteins in NSCLC cell lines (Supplementary Figure 5, Supplementary Table 

4), and therefore, ABPP data can also be used to explore differentially expressed DIPs. 

We performed the Western blots for COPS6 and DIPs of COPS6 including EGFR and 

FBXO22 which were enriched in squamous cell carcinoma. Western blot results showed 

they appeared to be higher in squamous tissue samples compared to normal adjacent tissue 

in accordance with the observations from the DUB-ABPP data. (Supplementary Figure 4b)

We next focused on analyzing the levels of DIPs recovered in the pulldowns for known 

interactors of the differentially expressed DUBs in our data, which can yield altered DUB-

associated pathways in lung cancer subtypes. We explored known DIPs of differentially 

expressed DUBs in each NSCLC tumor subtype. We identified 168 DIPs for the nine 

differentially expressed DUBs in adenocarcinoma versus NTA using BioGRID. Of these, 19 

DIPs were differentially expressed in adenocarcinoma vs NTA (Figure 2b, Supplementary 

Table 5). Similarly, we identified 370 DIPs for the 14 differentially expressed DUBs in 

squamous cell carcinoma versus NTA. Of these, 75 DIPs were differentially expressed 

in squamous cell carcinoma versus NTA (Figure 2c, Supplementary Table 5). KEGG 

pathway analysis of the differentially expressed DUBs and DIPs in adenocarcinoma vs 

NTA revealed the differentially expressed DIPs involved in cell cycle, DNA replication 

(MCM5; BUB3), and multiple metabolic pathways (SHMT2). Similar analysis in squamous 

cell carcinoma versus NTA revealed the differentially expressed DIPs involved in antigen, 

immune system (HSPA5; PSME3), protein processing in endoplasmic reticulum (SEC61A1; 

SEC23A; HSPH1; HSPA5; DERL1; YOD1; HSP90B1), cell cycle, and DNA replication 

(MCM4; MCM5; MCM6; BUB3), protein export (SEC61A1; HSPA5), and RNA transport 

(EIF3H; PABPC1; EIF4G1; EIF3B) (Figure 2d). Differentially expressed DUBs in one of 

the tumor subtypes versus NTA and their differentially expressed DIPs identified via the 

BioGRID database were further visualized by STRING16 network analysis. The STRING 

analysis for the association of differentially expressed DUBs and DIPs in different subtypes 

of NSCLC supports that these proteins are extensively interconnected as part of large 

molecular complexes, such as the proteasome and ribosome (Figure 2e), and further analysis 

can provide insights into the role of these DUBs in NSCLC.

Comaprison of DUB Profile between Lung Cancer Cell Lines and Tumors.

Having developed an activity landscape along with nominating differentially active DUBs 

in lung cancer subtypes using tumors and NTA, we next turned our attention to delineating 

possible vulnerabilities related to these DUBs. To create a link between the tissue specimens 

and cell lines that can be probed for vulnerabilities, we compared the DUB profiles of tumor 

samples with the DUB profiles from 25 adenocarcinoma LC cell lines (Supplementary Table 

6). We identified 53 DUBs in LC cell lines; 51 out of 53 were included in the group of 67 

DUBs identified in tumor samples (Supplementary Figure 6). Among the additional DUBs 

identified exclusively in tumor samples versus cell line samples, five of the DUBs, namely, 

MINDY4, MINDY2, JOSD2, USP38, and USP43 were identified in more than 70% of the 

tumor samples but none of the cell line samples. Also, USP24 was identified in 100% of 
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the tumor samples but only 2/25 cell line samples. These six DUBs, therefore, may be 

specific to tumor-associated cells, such as tumor resident immune cells or fibroblasts or 

endothelial cells. We compared the DIPs from 25 lung adenocarcinoma cell lines to the 

DIPs from lung adenocarcinoma tumor samples. Among the 1081 DIPs of DUBs identified 

in lung adenocarcinoma tumor samples and 1131 DIPs of DUBs identified in the cell line 

samples, 841 DIPs matched between the tumor and cell lines (Supplementary Figure 5, 

Supplementary Table 4).

DUB Activity from ABPP Compared to DUB-Gene Essentiality.

Based on this high degree of overlap, this cell line panel can serve as a model to generate 

leads from tumor profiling data and RNAi or CRISPR screens. Next, we searched the 

DUBs identified through our tumor ABPP analyses for their effects on cell viability. We 

leveraged essentiality through viability effects of mRNA knockdown from two resources: 

(i) Project DRIVE, a large scale RNAi screen of 7,837 genes including 35 DUBs in 67 

lung cancer cell lines,17 and (ii) PICKLES, a pooled in vitro CRISPR knockout library 

for 18,000 protein-coding genes including 92 DUBs in 40 lung cancer cell lines.18 We 

explored both databases to achieve the maximum coverage of DUBs. Sensitivity score cut 

offs for statistically significant loss of viability were employed to nominate essential genes 

from Project DRIVE and the PICKLES database.17,18 Fourteen DUBs in Project DRIVE 

and 26 DUBs in PICKLES were identified as essential in one or more LC cell lines tested 

(Figure 3a). Out of these, 11 DUBs were essential in both screenings. Therefore, a total 

of 29 DUBs scored as essential in at least one LC cell line tested in either vulnerability 

screen. We then matched these 29 essential DUBs with the 17 differentially expressed 

DUBs in the ABPP data in either of the tumor subtypes compared to NTA. Twelve out of 

17 differentially expressed DUBs overlapped with 29 essential genes from the screenings 

(Figure 3b, Supplementary Table 7). The DUB gene essentiality score was calculated based 

on the percentage of LC cell lines tested in which a specific DUB is essential (Figure 3c). 

The data revealed that most of the upregulated DUBs were essential in a large number of cell 

lines tested.

Directed by these results, we next focused our analysis on these 12 DUBs (PSMD14, 

COPS6, PSMD7, USP10, USP8, USP7, EIF3H, OTUD5, BAP1, UBP2L, BRCC3, and 

USP28), which are differentially active in LC tumor subtypes and score as essential genes 

in viability screens. KEGG and Reactome pathway analysis indicates these DUBs are 

involved in vital cellular processes such as DNA repair, cell cycle and G2/M checkpoints, 

DNA damage recognition in GG-NER, and innate immune response regulation (Figure 

3d and e). Among these hits, BAP1, BRCC3, USP10, USP28, USP7, and USP8 control 

functionally interconnected DNA damage response and cell cycle checkpoints and are 

frequently deregulated in tumorigenesis.19−23 This subset of DUBs contains attractive drug 

candidates. COPS6, a component of the COP9 signalosome complex (CSN complex), 

appears to be extremely intriguing, because it scores as essential in 80% and 60% of the 

LC cell lines tested in PICKLES and Project DRIVE, respectively. In our data, COPS6 is 

highly upregulated in squamous cell carcinoma, a tumor type with high unmet medical need. 

COPS6 is also involved in degradation of several cancer related proteins and pathways 
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such as EGFR, p53, c-myc and c-Jun, and, hence, an interesting candidate in cancer 

therapeutics.24,25

Potential Role of COPS5/COPS6 in Lung Cancer.

We next took advantage of recent developments in small molecules that target the CSN 

complex. First, we validated essentiality for COPS6 and COPS5 in our own hands using 

siRNA knockdown in H460 KRAS mutant lung adenocarcinoma cells. COPS5 is the active 

DUB component associated with COPS6 and involved in the enzymatic activity of the 

COP9 signalosome complex,26 specifically targeting the ubiquitin-like molecule Nedd8 

(Figure 4a). We observed significant suppression of cell growth in H460 cells in accordance 

with the observations from the previously mentioned public databases (Figure 4b). To 

further extend our understanding of the role of COPS5/COPS6 in lung tumorigenesis, 

we studied inhibition of cell growth using a known small molecule inhibitor of COPS5, 

CSN5i-3, which was revealed as a selective and potent inhibitor of COPS5 through a 

lead optimization approach,27 along with the inactive enantiomer CSN5i-3e as a control. 

CSN5i-3 resulted in cell death in H460 LC cells with an IC50 < 100 nM, while the inactive 

enantiomer has no effect on cell viability up to 1 μM (Figure 4c). We analyzed the effect 

of CSN5i-3 and CSN5i-3e on cell viability in a more diverse set of lung cancer cell lines, 

including those with EGFR or KRAS mutations, and small cell lung cancers. Most cell 

lines were similar in response to H460; CSN5i-3 was much more effective than CSN5i-3e. 

However, HCC2279 (NSCLC, EGFR mutant lung adenocarcinoma) and DMS79 (SCLC) 

were resistant to CSN5i-3 until treated with concentration > 1 μM (Figure 4d). COPS5 

mediates the deneddylation of the cullin subunits of the SCF-type E3 ligase complexes.24 

CSN5i-3 inhibition of COPS5 resulted in inhibition of the deneddylation process, and 

hence, accumulation of Cul1 in all the cell lines tested. Interestingly, treatment of all the 

cell lines sensitive to CSN5i-3 resulted in significant accumulation of p21, a substrate of 

CUL1-SKP2,28 whereas the two resistant cell lines, HCC2279 and DMS79, did not show 

any significant change in p21 expression after CSN5i-3 treatment (Figure 4e). The lack of 

response in these two cell lines does not appear to be related to lack of target engagement, 

as CSN5i-3 effectively inhibited Cul1 deneddylation and stimulated Skp2 degradation in all 

cell lines tested. Therefore, it appears that the COPS5-SKP2-p21 axis may have cell line 

specific roles in controlling cell viability.

Starting with surgically resected lung tumors and NTA, we identified active DUBs using 

mass spectrometry, found differentially active DUBs by comparing NTA in two major 

NSCLC subtypes (adenocarcinoma and squamous cell carcinoma), and were able to 

nominate DUBs with roles in controlling cell viability by integrating our ABPP results with 

publicly available RNAi and CRISPR screens. Highly selective and potent DUB inhibitors 

targeting USP10 and USP28 were used to validate the nominated targets from our ABPP 

data. Both DUBs, USP28 and USP10, are highly active in both lung adenocarcinoma and 

squamous carcinoma in DUB-ABPP data as compared to NTA and can be exploited to 

understand the previously unknown roles of these DUBs in lung cancer.

Our results with COPS6/COPS5 inhibition are particularly important for targeting squamous 

cell lung cancer, which has few successes in targeted agents and high unmet medical need. 
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Further validation of the pathways associated with COPS5/COPS6 in the ABPP data for 

these particular cell lines or subtypes of LC may provide information to understand why 

some cell lines respond to this DUB inhibition while others do not. While previous studies 

have provided thelandscape of DUBs and the DUBome in cell lines,9,10 our study presents 

the most comprehensive evaluation of DUBs in human NSCLC tumor samples using ABPP. 

The 12 active DUBs nominated from our data, which are differentially active in LC tumor 

subtypes and are essential genes in viability screens, have been associated with vital cellular 

processes. These DUBs can present potential therapeutic candidates for novel drugs, and 

further studies using RNAi knockdown or selective inhibitors can provide further insights 

into the associated pathways.

This study involving DUB-ABPs and mass spectrometry in human tumor samples is the 

largest study to date to our knowledge using ABPP in tumors and mass spectrometry. Our 

data can serve as a powerful resource for exploring the pathways associated with DUBs in 

lung cancer, and our approach combining tumor profiling with RNAi and CRISPR viability 

screens may enable development of new therapeutic strategies targeting DUBs or DUB 

interacting proteins.

METHODS

Detailed experimental procedures for the production of ABP-probes and for the analysis 

of LC-MS/MS data are provided in the Supporting Information. The mass spectrometry 

proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 

partner repository with the data set identifiers PXD028802 and 10.6019/PXD028802

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and outcome for DUB-ABPP in NSCLC tumors: (a) Schematic diagram for 

the DUB-ABPP protocol. (b) Optimization of DUB-ABP using commercially available 

(Enzo-VME) and Moffitt generated (Moffitt-VME ad Moffitt-PA) probes. (c) PCA of 

tissue specimens using all proteins identified in tumor-ABPP. The graph indicates a clear 

separation between adenocarcinoma, squamous cell carcinoma, and NTA samples. (d) 

Volcano plot for the differentially active DUBs in adenocarcinoma and squamous cell 

carcinoma versus NTA. The significance cutoff is marked by dotted lines. Labeled DUBs 
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indicate significantly higher activity (red) and significantly lower activity (blue) in tumors 

versus NTA.
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Figure 2. 
Pathway analysis for DUBs and DIPs in NSCLC tumors: (a) KEGG pathway analysis 

of all proteins identified in tumor ABPP. (b) Heat map for 19 differentially expressed 

DIPs of differentially active DUBs in adenocarcinoma versus NTA. (c) Heat map for 

75 differentially expressed DIPs of differentially active DUBs in squamous carcinoma 

versus NTA. (d) Major pathways identified using KEGG pathway analysis of differentially 

expressed DIPs in adenocarcinoma and squamous carcinoma versus NTA. (e) STRING 

database association between differentially active DUBs in either of the tumor subtypes vs 
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NTA and their differentially expressed DIPs. DUBs belonging to different subfamilies are 

represented by enlarged ovals of different colors. Proteins in the green hexagon are involved 

in cell cycle and DNA repair pathways. Proteins in red rectangles represent contributors to 

the G2/M cell cycle checkpoint.
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Figure 3. 
DUBs essentiality in lung cancer: (a) Overlap between the 26 DUBs (PICKLES) and 14 

DUBs (Project DRIVE) identified as essential in viability screens. (b) Overlap between all 

essential DUBs and differentially active DUBs in ABPP for either NSCLC tumor subtype. 

(c) DUB essentiality score. The y-axis represents the percentage of cell lines in which 

specific DUB is essential in PICKLES (blue column) or Project DRIVE (orange column) 

screening. No column corresponding to any DUB on the x-axis indicates that the specific 

DUB was not screened in PICKLES (NS in blue box) and/or Project DRIVE (NS in orange 
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box). The table above the columns compares DUB activity for LC subtypes, Adeno vs 

NTA and Squamous vs NTA in blue (higher DUB activity) and red (lower DUB activity), 

respectively. (d) KEGG pathway analysis of 12 DUBs that are differentially active in 

adenocarcinoma and squamous carcinoma vs NTA and are essential in at least one of the two 

gene essentiality screens. (e) Reactome pathway analysis of 12 DUBs that are differentially 

active in adenocarcinoma and squamous carcinoma vs NTA and are essential in at least one 

of the two gene essentiality screens.
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Figure 4. 
Effect of COPS5 inhibition using CSN5i-3 and CSN5i-3e on NSCLC and SCLC cell 

lines. (a) Schematic representation of regulation of cullin neddylation and corresponding 

substrates by COPS5. (b) Effect of COPS5/COPS6 siRNA knockdown on cell viability in 

H460 cells. α-tubulin (TUBA) is used as a housekeeping gene control. (c) Effect of CSN5i-3 

(active enantiomer) and CSN5i-3e (inactive enantiomer) on cell viability in H460 cells. (d) 

Effect of CSN5i-3 and CSN5i-3e on cell viability in a panel of NSCLC and SCLC cell 

lines. (e) Effect on substrates of Cul1 by CSN5i-3 and CSN5i-3e. In parts c−e the cell 
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lines showing loss of viability due to CSN5i-3 treatment are shown in red and the cell lines 

unaffected by CSN5i-3 treatment are shown in blue.
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